All eukaryotic cells present at the cell surface a specific set of plasma membrane proteins that modulate responses to internal and external cues and whose activity is also regulated by protein degradation. We characterized the lytic vacuole-dependent degradation of membrane proteins in Arabidopsis thaliana by means of in vivo visualization of vacuolar targeting combined with quantitative protein analysis. We show that the vacuolar targeting pathway is used by multiple cargos including PIN-FORMED (PIN) efflux carriers for the phytohormone auxin. In vivo visualization of PIN2 vacuolar targeting revealed its differential degradation in response to environmental signals, such as gravity. In contrast to polar PIN delivery to the basal plasma membrane, which depends on the vesicle trafficking regulator ARF-GEF GNOM, PIN sorting to the lytic vacuolar pathway requires additional brefeldin Asensitive ARF-GEF activity. Furthermore, we identified putative retromer components SORTING NEXIN1 (SNX1) and VACUOLAR PROTEIN SORTING29 (VPS29) as important factors in this pathway and propose that the retromer complex acts to retrieve PIN proteins from a late/pre-vacuolar compartment back to the recycling pathways. Our data suggest that ARF GEF-and retromer-dependent processes regulate PIN sorting to the vacuole in an antagonistic manner and illustrate instrumentalization of this mechanism for fine-tuning the auxin fluxes during gravitropic response.
P
lants have evolved a remarkable developmental plasticity to shape their individual growth according to environmental stresses. The signal molecule auxin has been ultimately linked to the flexible plant expansion. The distribution of the phytohormone auxin depends largely on its directional transport from cell to cell (1) . Auxin efflux carriers of the PIN-FORMED (PIN) family show a polar localization that correlates with and determines the direction of auxin flow (2, 3) . By this delivery system, auxin accumulates in spatial and temporal patterns, which are read out to direct plant growth and development (4, 5) . Throughout the plant's lifespan, PIN-dependent auxin distribution contributes to developmental adaptation, such as postembryonic organ formation, apical dominance, tissue regeneration, and tropisms (6) (7) (8) (9) .
PIN auxin efflux carrier targeting is a highly dynamic process with constitutive cycling of the PIN proteins between the plasma membrane and (an) endosomal compartment(s). This process depends on ADP-ribosylation factor GTP-exchange factors (ARF-GEFs), such as GNOM (also called EMB40), and is sensitive to vesicle trafficking inhibitors, such as brefeldin A (BFA) (10) (11) (12) . GNOM appears to regulate PIN recycling strictly to the basal plasma membrane (13) , whereas the putative retromer complex component SORTING NEXIN1 (SNX1) resides in intracellular structures distinct from GNOM and has been suggested to be involved in recycling of apical PIN2 but not basal PIN1 (14) . SNX1 genetically interacts with other putative retromer complex members, such as VACUOLAR PROTEIN SORTING29 (VPS29) (15) . In contrast to SNX1, the VPS29 has been proposed to be involved preferentially in basal PIN1 targeting and has been suggested to function downstream of GNOM (15) . Nevertheless, the contribution of the retromer complex to the PIN recycling remained controversial (16) .
However, the overall function of the PIN-constitutive cycling is still unclear, although it has been proposed to enable the rapid changes in PIN polarity in response to environmental stimuli (12, 13) or to control the levels of PIN proteins at the plasma membrane and thus the auxin transport rate (17) . The activity of the PIN-dependent auxin distribution network can be regulated at multiple levels, including transcription (18) (19) (20) , polar subcellular localization (7) (8) (9) 12) , endocytosis (17) , and, not least, protein degradation (21) (22) (23) (24) . In particular, the mechanisms that regulate PIN degradation are still widely elusive. However, after gravistimulation, proteasome-dependent variations in PIN2 localization and degradation at the upper and lower sides of the root result in asymmetric distribution of PIN2, suggesting that it is functionally important for posttranslational regulation of the PIN stability in plant development (22) .
To date, the mechanisms underlying the degradation of plasma membrane proteins are not well understood in plants; hence, we examined the cellular and molecular requirements of this process with a special focus on PIN efflux carriers. We used a drug-free assay to visualize the PIN degradation in lytic vacuoles and to illustrate the importance of posttranslational PIN regulation for fine-tuning auxin transport during plant development. Our data suggest that a partially BFA-sensitive ARF-GEF promotes the PIN protein transition from endosomes to the prevacuolar compartment (PVC), whereas SNX1 can counteract this process by retrieving PIN proteins from the PVC, which appears to be functionally important for temporal PIN degradation during gravitropic responses.
Results and Discussion

Auxin Efflux Carrier PIN2 Displays Dynamic Turnover in the Lytic
Vacuole. To visualize the targeting to the lytic vacuole for degradation, we initially used concanamycin A, a wellestablished and specific inhibitor of vacuolar H-ATPases, to reduce acidification of lytic compartments and, thus, protein degradation (25) . Under our experimental conditions, concanamycin A treatments enabled us to observe accumulation Author contributions: J.K.-V. designed research; J.K.-V., J.L., M.Z., M.S., and L.A. performed research; J.K.-V., C.L., and J.F. analyzed data; and J.K.-V., M.S., C.L., and J.F. wrote the paper.
and, hence, trafficking of f luorescently tagged plasma membrane proteins to the lytic vacuole for degradation, namely of the auxin eff lux carrier PIN2 ( Fig. 1 A and B) , the brassinosteroid receptor BRI1, (Fig. 1 D and E) , and the aquaporin PIP2 ( Fig. 1 G and H) .
Because of the possible unwanted side effects of concanamycin A on protein trafficking (26), we made use of the fact that GFP and related proteins are more stable in lytic vacuoles under dark conditions than in the light because of conformational changes (27) to study plasma membrane protein degradation in a drug-independent manner. Indeed, dark treatment led to vacuole-like accumulation of the GFP signal in various transgenic lines, including PIN2-GFP, BRI1-GFP, and PIP2-GFP ( Fig. 1 C, F, and I) .
GFP localization in dark-treated PIN2-GFP coincided with vacuolar occurrence in transmission light images (Fig. 1J) . Moreover, the endocytic dye FM4-64, which labels the tonoplast within 2 h of incubation (26) , surrounded the diffuse GFP signal in PIN2-GFP-expressing seedlings after 2 h in the dark (Fig. 1K) . These findings confirm that GFP resides in the lumen of the tonoplast after dark treatment, thus illustrating the degradation of PIN2 in lytic vacuoles.
To roughly estimate the turnover of PIN2, we analyzed the earliest GFP accumulation in lytic vacuoles. A diffuse GFP occurrence in lytic vacuoles was already detectable after 1-2 h in the dark in two independent PIN2-GFP (22, 28) lines (Fig. 1K and data not shown). In contrast, BRI1-GFP fusions (29, 30) displayed their earliest vacuolar signals within 4-6 h ( Fig. 1F and data not shown), in agreement with previous half-life estimations of BRI1-GFP (30) . To investigate the PIN2 protein stability independent of the light-to-dark transition, dexamethasoneinducible TA:PIN2-GFP lines were used (22) . After induction of the transgene and subsequent removal of dexamethasone, PIN2-GFP was rapidly depleted, further indicating a fast, proteolytic turnover of this protein [supporting information (SI) Fig. S1 ].
These data show that integral plasma membrane proteins, such as PIN2, BRI1, and PIP2, are targeted to the vacuole for degradation. Moreover, the rapid turnover of the PIN2 protein suggests a tight posttranslational regulation during plant development.
ARF-GEF-Dependent
Trafficking of PIN2 to the Lytic Vacuole. To gain insights into the biological function of the PIN2 targeting to the lytic vacuole, we examined the cellular requirements for endocytic trafficking of PIN2. The PIN2-GFP targeting to the vacuole for degradation depends on the actin cytoskeleton, because latrunculin B-induced depolymerization of actin inhibited GFP accumulation in lytic vacuoles and stabilized PIN2 as manifested by increased total levels of the PIN2 protein ( Fig. 2 B and N) , implying an actin-dependent vesicle transport for vacuolar PIN2 trafficking. BFA, an inhibitor of ARF-GEF-type vesicle transport regulators, restrains recycling to the plasma membrane and leads to PIN accumulation in aggregated endosomes (10) and also elevates PIN2 protein levels ( Fig. 2N) (22) . Notably, BFA reduced the PIN2 targeting to the lytic vacuole (Fig. 2D) , suggesting the involvement of an ARF-GEF. Moreover, BFA also inhibited the uptake of FM4-64 to the tonoplast membrane ( Fig. 2H ) and stabilized BRI1 in endosomes (30) , hinting at a general requirement for BFA-sensitive ARF-GEF activity in the control of membrane trafficking from endosomes to the vacuole. Reduced BFA concentrations sufficient to inhibit ARF GEF GNOM-dependent PIN recycling to the basal cell side (31) did not fully abolish endocytic PIN2-GFP or FM4-64 trafficking to the tonoplast (Fig. 2 C and G) , which might hint at a GNOMindependent mode of action for BFA. To determine whether BFA affects the PIN2 trafficking to the vacuole independent of GNOM, we used an engineered BFA-resistant version of GNOM (11) . The BFA-resistant GNOM ML lines still showed BFA sensitivity for endocytic uptake of PIN2 and FM4-64 to the vacuole ( Fig. 2 E and I) , indicating a GNOM-independent vacuolar trafficking and involvement of an additional ARF-GEF. This involvement of ARF and ARF-GEF activity in the PIN2 vacuolar targeting has been further substantiated by conditional overexpression of a constitutively active version of an ARF-GEF substrate ARF1 (28) that strongly interfered with the endocytic FM4-64 trafficking to the tonoplast (Fig. 2 J) .
Thus, whereas polar recycling of PIN proteins to the basal plasma membrane depends on the GNOM function, endocytic translocation of plasma membrane components, such as PIN2, to the vacuole is GNOM-independent and most probably utilizes another BFA-sensitive ARF-GEF activity. Importantly, these findings indicate that, after internalization, the PIN recycling to the plasma membrane and the alternative posting to the vacuole for degradation are molecularly distinct by ARF-GEF utilization.
Vacuolar Trafficking of PIN2 Depends on Phosphatidylinositol-Dependent Pathways. Progress has been made in the elucidation of the cellular machinery, by which cargo is delivered to the lysosome/ vacuole in animal, yeast, and plant cells (32) . In plants, wortmannin, an inhibitor of phosphatidylinositol-3-kinase (PI3K) and at 10-fold higher concentration of PI4K, affects recycling of vacuolar sorting receptors between the prevacuolar compartment (PVC) and the trans-Golgi network (TGN) and thus alters the PVC identity (33, 34) . In accordance, wortmannin severely affects the PVC morphology of treated plant cells (35) . Notably, wortmannin has been shown to interfere with apical PIN2 localization in the epidermis, but not with basal PIN1 targeting in stele cells, indicating that wortmannin interferes with apical but not basal PIN trafficking (14) . However, ectopic expression of the basal PIN1 cargo in root epidermis cells resulted in comparable wortmannin sensitivity (data not shown). Similarly, we observed wortmannin-sensitive PIN1 targeting in steles after prolonged wortmannin treatments (data not shown). Hence, differential sensitivity to wortmannin could be explained by cell type dependency or drug uptake. This finding shows that wortmannin treatment does not discriminate between apical and basal polar cargos in plant cells.
Although wortmannin has been suggested to interfere with PIN2 recycling events to the plasma membrane (14) , the underlying mechanisms remain unclear. We show that wortmannin abolishes vacuolar trafficking of PIN2-GFP ( Fig. 2 K and KЈ) as well as that of additional plasma membrane proteins, such as PIP2-GFP (Fig. 2 L and LЈ and data not shown). Consistent with the observed effects of wortmannin on vacuolar targeting, the drug also increased the total PIN2 protein levels in membrane protein preparations (Fig. 2N) . From these findings, we concluded that posttranslational regulation of plasma membrane proteins, such as PIN2, involves PI3K signaling as a regulator of protein translocation to the lytic vacuole. However, we cannot rule out that, in addition to PI3K, PI4K-dependent processes could contribute to the observed effects to some extent.
Under our experimental conditions, wortmannin affects the endocytic targeting of plasma membrane proteins to the vacuole by inhibiting intracellular sorting events rather than endocytosis (36) at the plasma membrane (Fig. S2) . In accordance, in some cases we observed mistargeting of PIN2-GFP to the tonoplast membrane after wortmannin treatment (Fig. 2M) , suggesting sorting/invagination defects at the multivesicular body (MVB)/ PVC (35) .
Taken together, the effect of wortmannin on the intracellular compartments disrupting vacuolar sorting of plasma membrane proteins, such as PIN2, strongly indicates that PI3K activity is required for the regulation of vacuolar degradation of PIN2.
SNX1 Localization and Conditional Mutant Phenotypes Suggest Their
Involvement in Vacuolar Targeting. SNX1 is a potential downstream effector of PI3K because it bears a phosphatidylinositol binding PX domain (37) and colocalizes with a marker for phosphatidylinositol-3-phosphate (PI3P)-enriched membrane subdomains (Fig. 3A) . Yeast orthologs of SNX1 are retromer complex components required for vacuolar receptor retrieval from the PVC to the TGN in a clathrin-and COP-independent manner (38) . In plants, putative retromer components localize to the PVC and might interact with vacuolar sorting receptors (39) . Moreover, SNX1 has been shown to colocalize and genetically interact with the putative plant retromer component VPS29 (15) . In agreement with these findings, we found another putative plant retromer component (39) , VPS35, that colocalizes with SNX1 at the PVC (Fig. 3B) .
Mutants in the VPS29 gene, which has been shown to be crucial for protein storage vacuole formation in Arabidopsis embryos (40) , show conditional growth arrest phenotypes on sucrose-depleted medium (Fig. S3) . Similarly, snx1 seedlings exhibited a pronounced growth arrest on sucrose-depleted medium (Fig. 3D) . In the most severe cases, snx1 mutant seedlings arrested growth after cotyledon formation (Fig. 3D) . The growth arrest of sucrose-depleted snx1 seedlings was conditional and could be fully rescued by sucrose application (Fig. 3F) . Remarkably, similar growth phenotypes have been described for mutants in GRAVITROPISM DEFECTIVE 2 (GRV2), an Arabidopsis homolog of RECEPTOR MEDIATED ENDOCYTOSIS 8 from Caenorhabditis elegans (41) . Grv2 mutants are characterized by deficiencies in shoot gravitropism and exhibit a conditional growth arrest phenotype when grown in the absence of sucrose (41) . These phenotypes have been attributed primarily to defects in the late steps of the endocytic pathway that interfere with the proper cargo delivery to storage as well as to lytic vacuoles (41, 42) . Hence, we assume that interference with storage vacuole formation affects the energy-consuming postembryonic leaf organ formation, leading to growth-arrested phenotypes that can be rescued by exogenous sucrose. The analogy to the grv2 growth phenotype could indicate that the SNX1/VPS29-dependent retromer complex is involved in protein storage vacuole formation and in late steps of the endocytic pathway for lytic transmembrane protein degradation. Therefore, we analyzed abundance and intracellular distribution of the PIN proteins in these mutants. Mutants in snx1 interfere with steady-state PIN2 levels, reflected in reduced PIN2-GFP abundance at the epidermal plasma membrane and in diminished PIN2 protein levels in snx1-1 and snx1-2 membrane protein preparations (Fig. 3 I and J) . Changes in PIN protein abundance in snx1 mutants were largely independent of transcriptional regulation and hint at a posttranslational regulation (data not shown). Similar observations were made when analyzing endogenous PIN1 and PIN2 in a vps29 mutant, demonstrating reduced amounts of both proteins at the plasma membrane and elevated amounts of PIN2 signals in vacuole-like structures, being suggestive for enhanced turnover of the protein (Fig. 3 K-P) . Moreover, our data indicate that retromer-dependent sorting events at the PVC affect both apical and basal PIN2 or PIN1 targeting.
PIN proteins have been shown to constantly cycle between plasma membrane and an endosomal compartment whose identity is not fully determined yet (10, 11, 13) . It has been suggested that the putative retromer complex is required for polar recycling of PIN proteins by regulating PIN exocytosis to the plasma membrane downstream of GNOM (15) . In this scenario, disturbance of the retromer-dependent exocytotic branch of PIN cycling could also lead to the observed changes in PIN abundance at the plasma membrane in snx1 or vps29 by default targeting to the vacuole. However, even prolonged pharmacological interference with the SNX1-labeled PVCs did not inhibit PIN targeting to the plasma membrane (data not shown and Fig.  S4 D and H) . In contrast, BFA inhibition of GNOM leads to reversible accumulation of basal PIN cargos in agglomerating endosomes and has been extensively used to study recycling of PIN proteins (10, 13) . To investigate especially polar recycling from endosomal compartments to the basal plasma membrane in snx1, we used BFA washout experiments in the presence and absence of the protein biosynthesis inhibitor cycloheximide (Fig.  S4 and data not shown) . These experiments demonstrated that polar PIN localization, BFA response, and recycling/exocytosis from endosomes to the plasma membrane after BFA removal remain unaffected in snx1 mutants (Fig. S4 A-H and data not shown). This finding contradicts previous models in which the retromer complex at the PVC is involved in polar PIN exocytosis downstream of GNOM and illustrates that PIN2 and PIN1 recycling does not directly require the function of the retromer complex. Thus, although SNX1 activity appears crucial for PIN2 homeostasis, it appears not to be directly involved in polar localization or in an exocytic recycling step of PIN proteins to the plasma membrane, illustrating again the interdependent, but distinct, regulation of PIN recycling and vacuolar degradation.
Remarkably, deficiencies in putative plant retromer components result in defects in plasma membrane protein localization and turnover that differ from those observed upon wortmannin treatments. Specifically, whereas the pharmacological inhibition of the SNX1-labeled PVC by wortmannin reduced PIN2 accumulation in the vacuole, loss of SNX1 function did not, but preferentially enhanced vacuolar translocation (Fig. 3 G and H) . Moreover, unlike wortmannin treatments that lead to increased PIN2 protein levels, PIN2-GFP abundance at the epidermal plasma membrane and total PIN2 protein levels were reduced in snx1 mutants (compare Figs. 2N and 3J) . Moreover, in contrast to wortmannin treatments (Fig. S2G) , endocytic FM4-64 uptake was not significantly altered in snx1 mutants (data not shown). Thus, although the effects of wortmannin on the PIN localization and turnover might arise from a more general interference with the sorting of plasma membrane proteins at the PVC, such as MVB formation, the mutant analysis was consistent with a more specific function of SNX1 and VPS29 in the control of vacuolar targeting. In agreement, PIN2 targeting remained sensitive to wortmannin treatment in snx1 mutants (data not shown). The snx1 mutant phenotypes, as well as SNX1 subcellular localization, suggest SNX1 involvement in vacuolar sorting events at the PVC. In such a scenario, SNX1/VPS29 seems to have a gating function for endocytic translocation of PIN2 to the lytic vacuole for degradation.
Differential PIN2 Degradation in Lytic Vacuoles in Response to Exter-
nal Stimuli. Posttranslational mechanisms that determine protein abundance of the PIN auxin efflux carriers and their contribution to the plant development are still ill-defined. External signals, such as light or gravitropic stimulation, have been reported to trigger intracellular redistribution to the vacuole and/or increased degradation of PIN2, respectively (22, 24) . Quantitative Western blot analysis revealed that total PIN2 protein levels are reduced after both prolonged dark treatment (Fig. S5 ) and gravity stimulation (Fig. S6) . In particular, PIN2 is down-regulated in response to gravity stimulus only in a transient manner and recovers after prolonged stimulation, suggesting a defined and complex regulation of the PIN2 turnover in response to external stimuli. To investigate whether the gravity stimulus induces PIN2 degradation via this pathway, we used dark treatments to monitor PIN2 targeting to the lytic vacuole. Notably, in PIN2-GFP seedlings, higher GFP accumulation was detectable in vacuoles of epidermis cells at the upper side of gravitystimulated roots (Fig. 4 A and B and Fig. S7 ), suggesting a spatially differential regulation of the vacuolar PIN2 trafficking during gravitropism. Our previous findings suggested that the PIN2 degradation requires proteasome activity (22) . Notably, pharmacological inhibition of the proteasome function interfered with internalization and vacuolar translocation of PIN2 (ref. 22 and data not shown), indicating an involvement of the proteasome in the mechanism of PIN2 vacuolar targeting. Thus, the previously reported effect of proteasome-targeting drugs, such as MG132 on PIN2 stability (22) , could be explained by their effect on additional molecular determinants that regulate PIN2 turnover and are themselves under control of the proteasome. Thus, it needs to be seen what is the mechanism underlying the involvement of proteasome in PIN2 turnover.
Our findings substantiate previous reports on asymmetric PIN2 stability (22) and indicate involvement of differential vesicle trafficking of PIN2 to the lytic vacuoles during the gravitropic response. In this scenario, asymmetric vesicle transport for vacuolar degradation of PIN2 with an increased activity at the upper side of gravistimulated roots limits PIN2 abundance and, hence, auxin flux into the elongation zone, eventually inducing differential cell elongation that results in root bending toward the gravity vector.
SNX1 Is Required for the Temporal PIN2 Degradation During the
Gravitropic Response. Interestingly, PIN2 preferentially resides in SNX1-labeled PVC after gravity stimulations (14) , and, moreover, snx1 mutants are defective in gravitropic response (14) . Because differential degradation of PIN2 in lytic vacuoles regulates gravitropic responses (Fig. 4 A and B ) (22) , we analyzed the potential SNX1 involvement in this process. PIN2 showed gravity-induced differential down-regulation of upper epidermal cell files in the wild type and snx1 mutants (Fig. 4C) . To address potential quantitative differences, we monitored PIN2 protein levels after gravity stimulation. Western analysis revealed that regulation of PIN2 degradation and subsequent replenishment were altered in snx1 mutants (Fig. 4D) , suggesting that the SNX1 function is required for temporally defined vacuolar targeting of PIN2 after gravity stimulation and might account for the gravitropic defects observed in snx1 mutants (14) . In this scenario, SNX1-dependent protein retrieval from the PVC prevents PIN2 degradation after prolonged gravitropic responses.
Our finding substantiates previous findings on gravity-induced targeting of PIN2 (14, 22) , which depends on the SNX1 function. Also, it further illustrates that PIN2 is translocated to the vacuole for degradation via an SNX1-dependent pathway. Moreover, the SNX1-dependent feedback mechanism for PIN2 retrieval and subsequent recovery for recycling appears to be functionally important for the gravitropic response. In this scenario, the retromer complex prevents transition of PIN proteins through the PVC and shuffles the proteins to the recycling endosomes, thus revealing its interdependency but also enabling independent regulation of polar targeting to the plasma membrane and posting to the vacuole for degradation.
Conclusions
Our data provide insights into the turnover mechanism of plant plasma membrane proteins, including the PIN auxin efflux carriers. The PIN proteins regulate important decisions during plant development by limiting rate and direction of the polar auxin transport (2, 3) . The PIN-dependent auxin transport can be controlled at the level of PIN transcription (18, 19) , polar targeting (7, 8, 43, 44) , endocytosis (17) , or protein stability (22) .
We show that degradation of PIN proteins is mediated by their targeting to the vacuole that depends on the actin cytoskeleton and most likely on PI3K activity. PIN2 vacuolar trafficking and its polar recycling to the plasma membrane are interdependent, yet molecularly distinct, thus enabling the independent modulation of PIN2 protein abundance and polar localization. The ARF GEF GNOM regulates the PIN recycling rate to the basal plasma membrane (11, 13) , whereas (an) additional partially BFA-sensitive ARF GEF(s) appear(s) to regulate the vacuolar degradation of PIN2, most probably upon trafficking from endosomes to the PVC. On the other hand, activities of the 
